Pigs were experimentally inoculated with Glentorf, Lelystad/97, and Alfort/187: representative low, moderate, and high virulent strains of classical swine fever virus (CSFV). Animals were tested for viremia using virus isolation and reverse transcriptase-polymerase chain reaction (RT-PCR) assays run under routine diagnostic conditions. The virus was detected in the peripheral blood by virus isolation and RT-PCR assays of all Glentorf-and Lelystad/97-infected pigs beginning at 3 days postinoculation (dpi) and in all Alfort/187infected pigs beginning at 2 dpi. Viremia, as determined by virus isolation, remained detectable in Lelystad/ 97-and Alfort/187-infected pigs until the last animal within each cohort was euthanized on days 12 and 7 postinoculation, respectively. In contrast, the virus could be isolated from the blood of all Glentorf-infected pigs between 3 and 7 dpi but not from 10 to 21 dpi when the experiment was concluded. Viremia, as determined by RT-PCR, became apparent in Alfort/187-infected pigs at 2 dpi and in Glentorf-and Lelystad/97-infected pigs at 3 dpi. All pigs, regardless of the CSFV strain used, remained RT-PCR positive until they were euthanized. Tonsils were harvested from all the pigs and frozen sections tested for the presence of the CSFV antigen using polyclonal pestivirus and monoclonal CSFV horseradish peroxidase (HRPO) conjugates. Immunostaining reactions were positive for all the Alfort/187-and Lelystad/97-infected pigs. By contrast, tonsils from the Glentorfinfected pigs gave negative to equivocal results. These data suggest that an RT-PCR assay performed on blood may be the best test when dealing with pigs infected with low virulent strains of CSFV.
Classical swine fever, a highly contagious disease of pigs, can have devastating effects if introduced into a country free of the disease. In the event of disease introduction, the preferred response has been eradication through the slaughter of infected herds. Consequently, the success of this approach is heavily reliant on the ability to rapidly and accurately detect infected animals. This is confounded by variability in the virulence of classical swine fever virus (CSFV) strains, and the suppressive effects the virus has on the pig's immune system. [6] [7] [8] [9] Virulent CSFV causes an acute hemorrhagic disease that results in death before the production of virus-specific antibodies. Highly virulent viruses, responsible for the hemorrhagic form of disease, have disappeared and have been replaced by those of low to moderate virulence, which typically produce subacute, chronic, or inapparent illness in pigs. The latter categories of virus produce a spectrum of disease that is more difficult to recognize clinically and pathologically, making laboratory confirmation of suspected cases essential.
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Laboratory tests capable of detecting virus-specific antibodies, live virus, viral antigen, and viral nucleic acid have been well described. Serologic-based tests, either enzyme-linked immunosorbent assay test (ELISA) or the neutralizing peroxidase-linked assay (NPLA), are used to certify pigs for international trade but have also been used to identify infected herds during epizootics. As an example, during the 1997-1998 CSF outbreak that occurred in the Netherlands, serologic surveys led to the detection of 13.5% of the total number of outbreaks. 1 The major drawback of using serologic-based tests is the length of time required for CSFV-infected pigs to seroconvert. Virus-specific antibodies are usually not detectable until the third week postinfection. In the interim, infected animals can continue to shed virus, further perpetuating an outbreak. The ideal diagnostic assay should be capable of accurately identifying infected animals as early as possible. Moreover, the sensitivity of the technique should not be unduly influenced by the virulence of the virus strain involved. In this study, three tests used to detect CSFV-infected pigs were evaluated: virus isolation in cell culture, reverse transcriptase-polymerase chain reaction (RT-PCR), and virus antigen detection in frozen tonsil sections. A comparison of the performance of these tests was carried out on pigs experimentally in-fected with low, moderate, and high virulent strains of CSFV.
Materials and methods
Animal inoculations. Three-mo-old pigs, obtained from a local Manitoba pork producer, were brought into the National Centre for Foreign Animal Disease's animal pathogen containment level 3 (APCL-3-Canadian Food Inspection Agency designation), high containment facility where they were randomly divided into groups of 4 or 6. Each group was housed within individual containment cubicles, where they were given food and water ad libitum and allowed to acclimatize to their new environment for a period of 10 to 14 days. At the end of the acclimation period, a preinoculation whole-blood and serum sample were obtained from each animal.
Animals were inoculated with 4 ml of tissue culture media with a CSFV tissue culture infectious dose that ranged between 1 ϫ 10 6 and 1 ϫ 10 7 viruses/ml. Inoculum was administered through the oral (1 ml), nasal (1 ml), and intramuscular (2 ml) routes. Two control pigs were inoculated with 4 ml of alpha modification of Eagle's media (MEM-␣) supplemented with 2 mM L-glutamine and 50 g/ml gentamycin. Rectal temperatures were taken daily. Blood samples were collected using sodium heparin-treated BD Vacutainer tubes a and used for virus isolation and RT-PCR assays.
Virus isolation from blood. One milliliter of whole blood from each serial bleed was aliquoted to a separate tube and frozen at Ϫ70 C. The blood samples were thawed and clarified by centrifugation. Clarified lysate (0.5 ml) from each sample was then used to inoculate 80% confluent, 24-hr-old cultures of PK-15 cells growing in 25-cm 2 flasks. The inoculum was adsorbed for 2 hr with continuous rocking at 37 C in a humidified atmosphere containing 5% CO 2 . After adsorption, the inoculum was removed and the cell monolayers washed twice with Dulbecco's phosphate-buffered saline (PBS) containing Ca ϩϩ and Mg ϩϩ . Five milliliters of MEM-␣ supplemented with 2 mM L-glutamine, 50 g/ml gentamycin, and 2% (v/v) fetal bovine serum (FBS) was then added to each flask and the cultures incubated for 2-4 days at 37 C in a humidified atmosphere containing 5% CO 2 . The cultures were frozen at Ϫ70 C, thawed, and the lysates clarified by centrifuging for 20 min at 2,000 ϫ g. The first passage lysates were then used to inoculate 96-well microplate cultures of PK-15 cells and assayed for CSFV antigens using an indirect immunoperoxidase test. Briefly, 25 l of diluent consisting of MEM-␣ supplemented with 50 g/ml gentamycin was added to each well of a 96-well plate followed by 50 l of a PK-15 cell suspension that had been adjusted to 1 ϫ 10 6 cells/ml in MEM-␣ supplemented with 2 mM Lglutamine, 50 g/ml gentamycin and 20% (v/v) ␥-irradiated FBS. This was followed by the addition of 25 l of 10 0 , 10 Ϫ1 , and 10 Ϫ2 dilutions of each of the clarified first-passage lysates. The microplates were incubated for 3 days at 37 C in a humidified atmosphere containing 5% CO 2 .
At the end of the incubation period the cells were washed once with warm 0.01 M PBS pH 7.6, and the cell monolayers heat fixed using a hair drier. The cells were further fixed and permeabilized by incubation in a solution containing 20% (v/v) acetone in 0.01 M PBS, pH 7.6/0.02% (w/v) bovine serum albumin for 10 min. Cell monolayers were dried, rehydrated in 0.01-M PBS pH 7.6, then incubated with a polyclonal swine anti-pestivirus antiserum (anti-CSFV antiserum that cross-reacts with bovine viral diarrhea virus and border disease virus) for 30 min at ambient temperatures. Cell monolayers were washed 3ϫ with 0.01-M PBS pH 7.6/ 0.05% (v/v) Tween 20, then incubated with rabbit anti-swine immunoglobulin G (heavy-and light-chain specific) conjugated to horseradish peroxidase b for an additional 30 min at ambient temperatures. Cell monolayers were then washed an additional 3ϫ with 0.01-M PBS pH 7.6/0.05% (v/v) Tween 20 before adding a chromogen-substrate solution consisting of 2 mM 3-amino-9-ethylcarbazole/0.01% (v/v) H 2 O 2 /0.05 M sodium acetate pH 5.0. Monolayers were incubated with substrate-chromogen solution for 15-20 min at 37 C, washed, then examined microscopically for the presence of red-brown cytoplasmic staining.
Detection of CSFV by RT-PCR and nested-RT-PCR. Standard procedures were used to avoid false-positive results due to DNA contamination. These included the use of separate rooms for the preparation of master mixes, extraction of RNA, and the addition of RNA to the reaction tubes. Total RNA was extracted from 400 l of whole blood using either the QIAamp RNA Blood Minikit c or RNAqueous-Blood RNA Isolation kit. d Both kits involve lysing leukocytes under denaturing conditions, followed by isolation of total cellular RNA using spin column technology. The RNA was eluted from the columns using the elution solutions that came with each kit and used in a one-tube RT-PCR targeting the 5Ј-untranslated regions (UTRs) of the CSFV genome. The RT-PCR procedure used was based on that previously described 2 with minor modifications. All reactions were carried out using a Qiagen One-Tube RT-PCR kit c with primer and deoxynucleoside triphosphate (dNTP) concentrations at 2 M and 400 nM, respectively. RT reactions were run at 50 C for 30 min followed by a 15-min incubation at 95 C, which inactivated the RT and activated the Taq DNA polymerase. PCR was then carried out for 40 cycles under the following parameters: 94 C for 45 sec, 60 C for 30 sec, and 72 C for 25 sec followed by a final extension at 72 C for 5 min. All reactions included RNA extracted from CSFV strain Baker Endpoint as a positive control and a diethylpyrocarbonate-treated water-negative template. Reverse transcriptase-polymerase chain reaction amplicons were resolved on a 2% agarose gel containing 250 ng/ml ethidium bromide and then photographed. Samples that gave negative RT-PCR results were subjected to nested-RT-PCR. Briefly, 1 l of RT-PCR product was amplified in a 50-l reaction volume containing 2.5 units of Qiagen HotStarTaq c DNA polymerase, 200 M of each internal 5Ј-UTR primer, 2 and 2 M dNTPs. Tubes were incubated at 95 C for 15 min to activate the Taq polymerase and then put through 25 cycles under the following parameters: 95 C for 30 sec, 55 C for 30 sec, and 72 C for 20 sec followed by a final extension at 72 C for 3 min. Nested-RT-PCR amplicons were resolved on a 2% agarose gel containing 250 ng/ml ethidium bromide.
Immunoperoxidase test for detection of CSFV antigen in frozen tonsil sections. Palatine tonsils were removed from each pig during necropsy and stored at Ϫ70 C. For cryostat sectioning, tonsils were cut in pieces approximately 5 ϫ 5 ϫ 5 mm and fixed to a specimen stage with HistoPrep frozen tissue-embedding media. e The tissue specimens were equilibrated at Ϫ20 C for at least 20 min before cutting sections. Sections 4 m in thickness were cut at a temperature of Ϫ20 C using a Leica Jung Frigocut 2800N microtome. f Sections were transferred from the cryostat knife to ProbeOn Plus microscope slides e and then fixed in acetone for 10 min at room temperature. Slides were washed for 10 min in 0.01 M PBS pH 7.4 before the application of HRPO conjugates. Two commercially available peroxidase conjugates from Ceditest g were evaluated. A polyclonal pestivirus HRPO conjugate was used at a dilution of 1:50, whereas a CSFV-specific monoclonal 21.2 HRPO conjugate, which recognizes all field and vaccine strains of CSFV, 12 
Results
After inoculation, the clinical signs that the animals presented with depended on the virulence of the virus strain involved. Six pigs were inoculated with Glentorf, a low virulent strain of CSFV. These animals had slightly elevated rectal temperatures by the third day post-inoculation. They exhibited other clinical signs that included mild depression, loss of appetite, and a decreased weight gain when compared with uninfected control pigs (data not shown). These signs were observed until 10 days postinoculation (dpi) at which time the pigs appeared clinically normal. The Glentorf inoculated pigs remained clinically normal until 21 dpi at which time they were euthanized. Four pigs were inoculated with Lelystad/97, a moderately virulent strain of CSFV. Rectal temperatures were elevated in these animals beginning the third day postinoculation and remained elevated for the duration of the experiment. Animals from this group became moribund on days 8, 10, and 12 postinoculation and were euthanized. The 4 pigs inoculated with Alfort/187, a highly virulent strain of CSFV, presented the most marked clinical signs of the 3 groups. Rectal temperatures were elevated by the second day postinoculation and remained high for the duration of the experiment. By the fourth day postinoculation they were inappetent and depressed. One of the pigs was euthanized at 5 dpi with marked tetraparesis and ataxia. The remaining three animals were euthanized in a moribund state on day 7 postinoculation.
Gross necropsy results varied with the strain of virus used. Glentorf-challenged pigs, aside from a mild lymphadenopathy, showed no gross pathologic lesions. A generalized lymphadenopathy was observed in all 4 Lelystad/97-infected pigs. Additional lesions included a gastric ulcer in 1 pig and an anteroventral bronchopneumonia in another pig. Alfort/187-challenged pigs also exhibited a generalized lymphandenopathy characterized by edema and congestion, in addition to congestion and necrosis of the palatine tonsils in 2 of the animals.
CSFV was isolated from 1 of 6 Glentorf-infected pigs by 2 dpi. By 3 dpi, 6 out of 6 Glentorf-infected pigs were virus isolation-positive and remained so until 7 dpi. Interestingly, all 6 Glentorf-infected pigs were negative for virus isolation on days 10, 13, 16, 19, and 21 postinoculation. A second passage in PK-15 cells did not change the negative results observed at these time points. CSFV/Lelystad/97 was isolated from the blood of 1 of 4 infected pigs at 2 dpi. Virus isolation results were positive for all 4 pigs beginning at 3 dpi and, with the exception of 1 pig at 10 dpi, remained so until they were euthanized. Alfort/187 was isolated from the blood of 3 of 4 infected pigs beginning at 1 dpi. All Alfort/187-infected pigs became positive at 2 dpi and remained so until they were euthanized on days 5 and 7 postinoculation.
Virus was detected in the peripheral blood of pigs infected with CSFV/Glentorf as early as 2 dpi using a nested-PCR assay, and from 3 to 21 dpi by RT-PCR assay. Virus could also be detected CSFV/Lelystad/97infected pigs at 2 dpi by nested-RT-PCR but not RT-PCR assays. All Lelystad/97-infected pigs were positive by RT-PCR assay beginning at 3 dpi and remained so until they were euthanized. Pigs infected with CSFV/Alfort/187 showed RT-PCR-detectable levels of virus in their peripheral blood beginning at 2 dpi. The blood from these pigs remained RT-PCR positive until they were euthanized on days 5 and 7 postinoculation. Both control pigs tested negative by virus isolation and RT-PCR assays. Results of virus isolation and RT-PCR assays are summarized in Table 1 .
When frozen tonsil sections were examined for the presence of CSFV antigen by an immunoperoxidase test, all the Lelystad/97 and all the Alfort/187-infected pigs showed characteristic staining of superficial and tonsillar crypt epithelial cells (Fig. 1 ). In addition, tonsils from one of the Alfort/187 and one of the Lelystad/97-infected pigs showed strong and moderate staining, respectively, of lymphoid follicles. None of the tonsil sections taken from the Glentorf-infected pigs showed the characteristic immunoreactive staining pattern involving crypt epithelial cells. Tonsil sections from 3 of 6 Glentorf-infected pigs did give suspicious staining reactions, which were comprised single cells and debris within the crypt lumen. When tested for the presence of CSFV-specific nucleic acids, tonsils of all 6 of the Glentorf-infected pigs were positive by RT-PCR assay.
Discussion
Three assays were evaluated for their ability to detect pigs infected with representative low, moderate, and high virulent strains of CSFV using routine diagnostic conditions. Whole blood was selected for the focus of this comparison not only because it is a convenient specimen to obtain for diagnostic testing purposes but also because sampling can be concentrated on those animals running fevers, increasing the chances of detecting viremic pigs.
Virus isolation in cell culture is considered to be the gold standard for detecting CSFV-infected pigs but can take anywhere from a minimum of 24 to 72 hours to over a week depending on the concentration of virus in the specimen. The virus-isolation protocol that was used is a relatively simple one, involving the generation of whole-blood lysates by freeze-thaw treatment, inoculation of PK-15 cell cultures with these lysates, followed by detection of virus in first-tissue culture passage material by an immunoperoxidase assay. Using this approach, viremic pigs were consistently identified by 3 dpi, irrespective of the challenge virus strain used. Virus could be isolated from the blood of Alfort/ 187-and Lelystad/97-infected pigs for the duration of the time that they survived postinoculation with the exception of 1 pig in the Lelystad/97 group, which was negative on day 10 postinoculation. In contrast, virus was isolated from the blood of pigs infected with the low virulent Glentorf strain up to 7 dpi but not at 10, 13, 16, 19, and 21 dpi even after 2 passages in PK-15 cells. This inability to isolate virus coincided with clinical improvement and a drop in rectal temperatures to within-normal range beginning at 10 dpi. Sera that had been collected from these pigs on days 0, 3, 4, 6, 7, 10, 13, 16, 19 , and 21 postinoculation were tested for the presence of CSFV-neutralizing antibodies using an NPLA. 11 Neutralizing antibodies were not detected in the sera collected from 0 to 7 dpi, although in many cases, virus was. Beginning at 10 dpi, virus was no longer detectable in the sera after 72 hours of culture on PK-15 cells. Serum-neutralizing antibodies were detected in 4 of the 6 Glentorf-infected pigs at 10 dpi, although at low titres. Virus-neutralizing antibodies were detected in serum samples of all 6 Glentorf-infected pigs by 13 dpi and remained so until they were euthanized at 21 dpi. NPLA titres at 21 dpi ranged from 1/4 to 1/96. Although a titre of 1/4 is below the 1/10 screening dilution at which the NPLA is normally run, all animals at 21 dpi were confirmed positive by ELISA (data not shown). Reliable detection of CSFVspecific antibodies is generally considered not to occur before the third week postinfection. 10 This delay in seroconversion is most likely attributable to the immunosuppressive effects of the virus. The earlier appearance of antibodies in these animals may be attributable, at least in part, to the low virulence of the virus strain involved. In support of this, only one of the Lelystad/97-infected pigs had a NPLA titre of l/4 at 12 dpi. As mentioned above, this is below the 1/10 screening dilution normally used in the NPLA, and the status of this animal could not be confirmed as positive using the ELISA. Furthermore, Lelystad/97-infected pigs from other experiments have remained serologically negative by NPLA and ELISA up to 35 dpi (data not shown).
Reverse transcriptase-polymerase chain reaction results were similar to those for virus isolation in terms of the earliest time point postinoculation that infected pigs could be identified. Reverse transcriptase-poly-merase chain reaction could reliably detect infected pigs beginning at 3 dpi regardless of whether animals were inoculated with a low, moderate, or high virulent strain of CSFV. One important difference was the fact that in Glentorf-infected pigs, virus could still be detected in blood at 10, 13, 16, 19, and 21 dpi by RT-PCR but not by virus isolation assay. Furthermore, when blood from these time points was diluted 1:10 with normal blood before carrying out the RNA extraction step, CSFV was still detectable by RT-PCR. Given the serologic results described above, the most obvious explanation for the inability to isolate virus after 7 dpi is that virus is complexed with CSFV-specific antibodies and hence not detectable by routine isolation methods.
Although virus isolation is considered the gold standard, it has usually been augmented with results obtained from more rapid but less sensitive immunoassays, which are typically carried out on frozen tonsil sections. CSFV antigen was unequivocally detected in frozen tonsil sections taken from Alfort/187-and Leylstad/97-infected pigs using polyclonal pestivirus and monclonal CSFV HRPO conjugates. In sharp contrast, the results obtained with tonsils obtained from the Glentorf-infected pigs were suspicious at best. The most plausible explanation for these results is that viral antigen loads are below the levels detectable by these conjugates. This is supported by the fact that CSFV RNA was detected in Glentorf tonsils by RT-PCR assay. In a recent study, which examined the replication kinetics of high, moderate, and avirulent strains of CSFV in the SK-6 cell line, it was found that the ratio of cell-associated to secreted virus was significantly lower for the high versus the moderate and avirulent strains. 3 When the above conjugates were tested on PK-15 cells infected with serial 10-fold dilutions of each of these strains, no appreciable difference in staining titre was observed, suggesting that the amount of cell-associated virus produced by each strain was roughly the same. Other factors may come into play in vivo, which could limit the accumulation of virus proteins and particles within infected cells.
Of the three assays evaluated in this study, RT-PCR gave the most consistent results. Because an internationally standardized method is not yet available, RT-PCR is still viewed as an assay under development. To alleviate this situation, 6 European CSF laboratories participated in 2 ring tests 4,5 , whose aim was to compare the sensitivity and specificity of several RT-PCR tests for CSFV. A major conclusion of the initial ring test 4 was that local laboratory conditions appear to play an important role in determining test sensitivity and specificity. False-positive reactions were found to occur in some of the participating laboratories emphasizing the need for more rigorous contamination con-trol. It was shown that for clinical samples, nested-RT-PCR was more sensitive than RT-PCR, and RT-PCR was more sensitive than virus isolation. Nested-RT-PCR though more sensitive, carries with it a higher inherent risk of producing false-positive reactions. The second ring test 5 focused on test standardization and reproducibility. Although three of the laboratories were not able to avoid false-positive results, they were able to recognize that their test method lacked adequate specificity on the basis of the results that were obtained with control samples. The major conclusion drawn from the second ring test was that a standardized method should include adequate negative controls and periodic proficiency testing. These must obviously be taken into consideration before RT-PCR can be incorporated as a routine CSF diagnostic protocol. Notwithstanding, our study clearly demonstrates the advantages of using RT-PCR for CSF diagnosis, particularly when it is applied to animals infected with low virulent strains of the virus. This last point deserves additional emphasis because many of the strains of CSFV currently circulating in the world today can be classified in this category.
